Candida albicans is an important pathogen of immunocompromised patients which grows with true hyphal, pseudohyphal, and yeast morphologies. The dynamics of cell cycle progression are markedly different in true hyphal relative to pseudohyphal and yeast cells, including nuclear movement and septin ring positioning. In Saccharomyces cerevisiae, two forkhead transcription factors (ScFKH1 and ScFKH2) regulate the expression of B-cyclin genes. In both S. cerevisiae and Schizosaccharomyces pombe, forkhead transcription factors also influence morphogenesis. To explore the molecular mechanisms that connect C. albicans morphogenesis with cell cycle progression, we analyzed CaFKH2, the single homolog of S. cerevisiae FKH1/FKH2. C. albicans cells lacking CaFkh2p formed constitutive pseudohyphae under all yeast and hyphal growth conditions tested. Under hyphal growth conditions levels of hyphae-specific mRNAs were reduced, and under yeast growth conditions levels of several genes encoding proteins likely to be important for cell wall separation were reduced. Together these results imply that Fkh2p is required for the morphogenesis of true hyphal as well as yeast cells. Efg1p and Cph1p, two transcription factors that contribute to C. albicans hyphal growth, were not required for the pseudohyphal morphology of fkh2 mutants, implying that Fkh2p acts in pathways downstream of and/or parallel to Efg1p and Cph1p. In addition, cells lacking Fkh2p were unable to damage human epithelial or endothelial cells in vitro, suggesting that Fkh2p contributes to C. albicans virulence.
Candida albicans, an important human pathogen, is multimorphic and is able to grow in yeast, pseudohyphal, and true hyphal forms. Yeast are round-to-ovoid cells that usually undergo cell separation following cytokinesis; pseudohyphae form chains of ellipsoid daughter cells that remain attached for several divisions. Both yeast and pseudohyphae septate at a constriction between the mother and daughter cells. In contrast, true hyphal cells form long narrow filaments with parallel sides that do not separate from one another and that exhibit little, if any, constriction at the septa (41) . Furthermore, in hyphal cells the first site of septation is located distal to the mother-daughter junction (53, 56) . The transition between yeast, pseudohyphal, and true hyphal growth is influenced by environmental factors, such as temperature, pH, carbon source, nitrogen source, the presence of a quorum sensor, and physical contact with surfaces, and is thought to be an important contributor to virulence (reviewed in references 14, 36, and 40) . Therefore, understanding the molecular mechanisms that contribute to these morphogenetic transitions is vital to understanding C. albicans pathogenicity.
At least eight different transcription factors (Cph1p, Efg1p, Rbf1p, Tup1p, Czf1p, Nrg1p, Cph2p, and Rim101p) contribute to hyphal morphogenesis under different environmental conditions (reviewed in references 15 and 30) by affecting the levels of expression of specific subsets of downstream genes, such as those that encode the hyphae-specific cell wall proteins (28, 39) . Cph1p contributes to filamentous growth on starvation media and under embedded conditions. Efg1p is critical for hyphal growth in response to inducers, such as serum and N-acetylglucosamine, and is a negative regulator of filamentation in response to embedded conditions. Double mutants lacking both Efg1p and Cph1p form virtually no hyphae in response to serum, starvation, N-acetylglucosamine, or high pH at 37°C, although they do form hyphae under some in vitro and in vivo conditions (reviewed in reference 15).
In C. albicans, the position and dynamics of fundamental structures required for cell cycle progression are very different in true hyphae relative to yeast and pseudohyphae (56) . For example, in yeast and pseudohyphae (as in Saccharomyces cerevisiae), the septin filament ring forms at the incipient bud site prior to bud emergence, and septation occurs later at this mother-bud junction (17, 37, 53, 56) . In contrast, in true hyphae, as in Schizosaccharomyces pombe and Aspergillus nidulans (reviewed in references 20 and 33), the first septum forms at a position distal to the mother cell, well after evagination of the growing germ tube (56) . Thus, yeast and pseudohyphal growth are characterized by septin ring formation and bud emergence occurring in rapid succession, while in hyphae, daughter cell evagination occurs well before determination of the first site of septation. Accordingly, in yeast and pseudohyphae the dividing nucleus and mitotic spindle span the motherbud neck, while in true hyphae the mitotic spindle is positioned distal to the mother cell and the nucleus migrates to this position prior to mitosis (21, 56) .
C. albicans yeast, pseudohyphae, and true hyphae also differ in their cell wall properties. Hyphal cell walls are more adherent than yeast cell walls to human endothelial and epithelial cells (25, 46, 57) and contain slightly more chitin (7) . In addition, true hyphae express a specific constellation of genes, including HWP1 (51, 55) , ECE1 (2) , HYR1 (1), RBT1, -4, and -5, and WAP1 (3) , which all encode predicted glycosylphosphatidylinositol (GPI)-modified cell wall proteins. In contrast, yeast cell walls contain more alkali-extractable proteins (thought to reflect the internal-repeat cell wall proteins) than hyphae (reviewed in reference 27). Furthermore, genes such as CHT2 (encoding a homolog of the ScChs1p chitinase, which is required for the separation of daughter yeast cells after cytokinesis [10] ), are specifically transcribed at higher levels in yeast relative to hyphae (5, 34) .
In most organisms, morphogenesis is tightly coordinated with cell cycle progression and is regulated by the cyclin-dependent kinase (CDK). In the filamentous fungus A. nidulans, hyphal differentiation appears to be regulated by a protein kinase cascade that regulates septation and mitotic exit and that, in turn, is regulated by CDK activity (reviewed in reference 20). Similarly, in S. cerevisiae pseudohyphal growth is the result of signal transduction pathways and transcriptional outputs from them that ultimately regulate the activity of Clb2/ Cdc28p, the mitotic B-cyclin CDK (reviewed in reference 47). Clb2/Cdc28p antagonizes polarized growth by affecting the localization of actin and the secretory vesicles that export cell wall components and enzymes necessary for growth at the appropriate cortical sites.
In S. cerevisiae two partially redundant forkhead domaincontaining transcription factors, Fkh1p and Fkh2p, regulate the periodic, cell-cycle-dependent expression of genes whose transcription peaks in early M phase (61) . This CLB2 cluster includes 33 genes, among them CLB1 and CLB2, which encode the mitotic B-cyclins, and SWI5 and ACE2, which encode two transcription factors required for expression of the SIC1 cluster, a gene cluster expressed in late mitosis and early G 1 (54) . Genes of the SIC1 cluster include CTS1 and SCW11, both important for cell separation following cytokinesis. In mutants lacking Fkh1p and Fkh2p, the pattern of cell-cycle-regulated transcription of CLB2 cluster genes is lost, which also indirectly affects the SIC1 cluster (61) . In addition, fkh1 fkh2 mutants display constitutive pseudohyphal growth (22, 61) . S. pombe mutants lacking the forkhead transcription factor Sep1p also grow with a filamentous morphology and are defective in cell separation (45) . Thus, Fkh-like proteins appear to play a key role in regulating the cell cycle machinery, which in turn affects cell morphology.
To explore the molecular mechanisms that connect cell cycle progression and morphogenesis in C. albicans, we analyzed the role of CaFKH2, the single C. albicans homolog of S. cerevisiae FKH1/FKH2, in morphogenesis and gene expression. We found that CaFKH2 mutants formed constitutive pseudohyphae under both yeast and hyphal growth conditions. Furthermore, fkh2 mutants exhibited reduced expression of hyphaespecific mRNAs in the presence of serum and exhibited reduced expression of several genes likely to be important for yeast cell separation under yeast growth conditions. In addition, fkh2 mutants were defective in the ability to damage human epithelial cells in vitro. Our results suggest that Fkh2p plays a crucial role in the morphogenetic transition between cell types in C. albicans and is likely to be important for C. albicans virulence.
MATERIALS AND METHODS

Plasmids.
To place FKH2 under the control of the MET3 promoter, the 5Ј end of FKH2 was amplified from genomic DNA of S. cerevisiae strain SC5314 (19) by using primer 559, engineered to include a BamHI site (5Ј-GGCGGATCCATG TCAGCACAATTTATCAC-3Ј), and primer 560, engineered to include a PstI site (5Ј-GGGCCTGCAGCGCATAAGAATAGGGAGGCT-3Ј). The PCR product was digested with BamHI and PstI and was ligated into BamHI/PstI-cut pBluescript II SK(ϩ) (Stratagene, La Jolla, Calif.) to generate plasmid pBSKCaFKH2-5Ј. The PCR-derived FKH2 fragment was sequenced and compared to the sequence at the Stanford Genome Technology Center (http://www-sequence .stanford.edu/group/candida/index.html). A discrepancy was found in multiple, independent PCR products at codon 126. The reported sequence at this position is ATA (ile), while we consistently found the sequence at this position to read TAT (leu). The BamHI/PstI fragment from pBSK-CaFKH2-5Ј was subcloned into BamHI/PstI pCaDis, adjacent to the MET3 promoter (12) , to form pDis-FKH2-5Ј. Full-length C. albicans FKH2 was PCR amplified from genomic DNA isolated from strain SC5314 by using primer 559 and primer 581, which contains a PstI site on its 5Ј end (5Ј-GGGCCTGCAGGGACATTTCGTGCAACTGTG T-3Ј) and was inserted into pCaEXP (12) Strains. C. albicans and S. cerevisiae strains used in this study are described in Table 1 . All strains were checked for correct genome integration by PCR and/or Southern analysis (data not shown). To construct disruption strains we used PCR-mediated gene disruption as previously described (59) . A fkh2::HIS1 PCR product was amplified with the primers 561 (5Ј-CGATTATTTACAAATGTCA GCACAATTTATCACACCGAAAAAGCGTCCCCACTCACCACTAGATA GGTTTTCCCAGTCACGACGTT-3Ј) and 562 (5Ј-CACGCCAATTTTGTGG ACTATTAATTATTTAAAATACATACCTGTGCCTTTAGCCATTTTTGG TGTGTTGTGTGGAATTGTGAGCGGATA-3Ј), with pGEM-HIS1 (59) as the DNA template. The fkh2::HIS1 product was transformed into BWP17 (59) to generate multiple independent heterozygous strains, including YJB4744 and YJB4745. YJB4744 and YJB4745 were transformed with an fkh2::ARG4 disruption fragment by using primers 561 and 562 with pRS-ARG⌬SpeI (59) as the DNA template to generate strains YJB5387 and YJB4899, respectively.
To place FKH2 under the control of the MET3 promoter at the RP10 locus, pEXP-FKH2 was linearized with StuI and transformed into strain YJB4899 to generate strain YJB6403. To place FKH2 under the control of the MET3 promoter at the FKH2 locus, pDis-FKH2-5Ј was linearized with ApaI and transformed into strain YJB4744 to generate strain YJB4826.
Fkh2p was tagged at the C terminus with green fluorescent protein (GFP) by PCR-mediated gene modification (18) with primers 595 (5Ј-CCAAAAAGAAA TCCATCTATTTCTAACAACACACCAAAGATGGCTAAAGGCACAGGT ATGTATTTTAAAGGTGGTGGTTCTAAAGGTGAAGAATTATT-3Ј) and 596 (5Ј-CTTCTCGAATGGCTTTCTGTTGATACTAATTCATAATATATTC GTTAGTAGCTGTTATTTCACGCCTCTAGAAGGACCACCTTTGATTG-3Ј) with pGFP-URA3 (18) as the DNA template. This FKH2-GFP cassette was transformed into strain BWP17 to generate strain YJB5535.
For epistasis studies, FKH2 was deleted by using a PCR-derived recyclable URA3 cassette (58) . Primers 561 and 562 were used to PCR amplify an fkh2::URA3-dpl200 fragment from plasmid pDDB57 (58) . This fragment was transformed into JKC18 (32) to generate strain JBY5653, into HLC67 (32) to generate YJB5658, and into strain HLC69 (32) to generate strain YJB5655. Ura Ϫ derivatives of YJB5653, YJB5658, and YJB5655 were selected by plating onto 5-fluoroorotic acid to generate strains YJB5709, YJB5800, and YJB5707, respectively. These Ura Ϫ strains were subjected to another round of transformation with the fkh2::URA3-dpl200 disruption fragment to generate YJB6441, YJB6413, and YJB5802, respectively.
C. albicans strains were made prototrophic by transforming them with pGEM-HIS1 linearized with NruI and/or pRS-ARG-URA-BN (13) [9] ). All media contained 80 mg of uridine/liter except when Ura ϩ prototrophs were being selected. Strains grown on Spider and milk-Tween agar plates were incubated in petri dish sleeves with damp paper towels to maintain a humid environment.
Morphological observations. Calcofluor White (Sigma) staining was performed by incubating formaldehyde-fixed cells in 0.1 mg of Calcofluor/ml for 10 min at room temperature and washing them with phosphate-buffered saline. To localize Fkh2p-GFP and nuclear DNA (see Fig. 8 ), strain YJB5535 was grown overnight in SDC containing 1 g of 4Ј,6-diamidino-2-phenylindole dihydrochloride (DAPI)/ml. Cells were diluted into SDC containing 1 g of DAPI/ml and grown to mid-logarithmic phase. Differential interference contrast (DIC) and epifluorescence microscopy were performed with the use of a Nikon Eclipse E600 photomicroscope equipped with a standard UV filter set and an Endow GFP bandpass emission filter set (Chroma Technology Corporation, Brattleboro, Vt.). Digital images were collected with a DVC-1310 digital camera (Digital Video Camera Company, Austin, Tex.), captured to a Pentium III 550-MHz computer by using C-View V2.1 software (Digital Video Camera Company), and processed with the use of Image J (National Institutes of Health, Bethesda, Md.) and Adobe Photoshop (Adobe Systems, San Jose, Calif.). C. albicans cells were prepared for electron microscopy by using the PIPES-KMO 4 protocol detailed by Wright (60) .
RNA isolation. Cells (10-to 25-ml cultures) were rapidly harvested by centrifugation, washed in H 2 0, and flash frozen in liquid nitrogen. Pellets were thawed in 0.5 ml of extraction buffer (100 mM Tris-HCl [pH 7.6], 100 mM LiCl, 1% sodium dodecyl sulfate [SDS], 50 mM EDTA) and lysed by vortexing (15 min, 4°C) with 1 ml of 0.45-acid-washed glass beads and 0.8 ml of phenol:chloroform:isoamyl alcohol (25:24:1). The aqueous phase was phenol extracted, ethanol precipitated, and resuspended in H 2 0.
Microarray construction. Primer pairs were used to amplify portions of 319 C. albicans ORFs (see supplementary material, designated Table 2A , that is located at http://www.cbs.umn.edu/labs/berman/eu.cell.sup.htm) from SC5314 genomic DNA. The PCR fragments were purified on MultiScreen-PCR 96-well filtration units (Millipore, Bedford, Mass.) and were eluted in spotting buffer (3ϫ SSC [(1ϫ SSC is 0.15 M NaCl plus 0.015 M sodium citrate] plus 0.01% SDS). Purified PCR products were spotted in triplicate on poly-L-lysine-coated slides with a MicroGrid II (BioRobotics, Cambridge, United Kingdom). Slides were postprocessed with succinic anhydride in 1-methyl-2-pyrrolidinone (http://www.microarrays.org/protocols.html).
Microarray analysis. Microarray experiments were performed by using modified protocols from J. DeRisi (http://www.microarrays.org/protocols.html). For detailed protocols see the supplementary material at http://www.cbs.umn.edu /labs/berman/eu.cell.sup.htm. In brief, 10 g of total RNA was annealed with oligo(dT) primer (Invitrogen) followed by reverse transcription in the presence of 5-(3-aminoallyl)-2Ј-deoxyuridine 5Ј-triphosphate (aa-dUTP). Samples were coupled with Cy3 or Cy5 monoreactive dye (Amersham Biosciences, Piscataway, N.J.) and were mixed. Labeled probe was resuspended in hybridization buffer (DIG Easy Hyb [Roche, Indianapolis, Ind.] containing 0.5-mg sheared salmon sperm DNA [Ambion Inc., Austin, Tex.]), heated at 65°C for 2 min, applied to the microarray, and incubated at 37°C for 12 to 16 h. Arrays were visualized on a ScanArray 5000 microarray scanner (Packard Biosci, Meriden, Conn.). Scanned images were quantitated with QuantArray software (Packard Biosci), normalizing each signal for total fluorescence. Fold induction and repression values were colorized with Array File Maker 4.0 software (8) . In Fig. 9 , one of two experiments is shown for experiment 1, one of two experiments is shown for experiment 2, and one of seven experiments is shown for experiment 3. Genes that displayed a consistent increase or decrease in expression that was independent of the fluor label used are shown.
Northern analysis. Twenty micrograms of total RNA was resolved by electrophoresis through a formaldehyde-containing agarose gel (48) . Separated RNA was transferred to GeneScreen Plus (NEN Life Science, Boston, Mass.). Probes were made from PCR-amplified fragments by using SC5314 genomic DNA as template and the following primer pairs: HWP1F (5Ј-TCAATTGGGGCCACT GTC-3Ј) and HWP1R (5Ј-TGGAATCCAATCGGTTGG-3Ј), ECE1F (5Ј-AGA TGTTGCTCCAGCTGC-3Ј) and ECE1R (5Ј-AACAGTTTCCAGGACGCC-3Ј), and CYB4F (5Ј-ATTGCCAATTTGAGCAGC-3Ј) and CYB4R (5Ј-CCAC ATTGGTTGCATGGG-3Ј). Fragments were radiolabeled with [␥-32 P]dCTP by using the Random Primed DNA Labeling kit (Roche). Blots were prehybridized for 4 h at 50°C in hybridization solution (DIG Easy Hyb with 100 g of sheared salmon sperm DNA/ml) and then incubated in fresh hybridization solution containing radiolabeled probe for 16 h at 50°C. Blots were washed twice in solution 1 (2ϫ SSC, 0.1% SDS) for 15 min at 23°C, twice in solution 2 (0.1ϫ SSC, 0.1% SDS) for 15 min at 23°C, and once in solution 2 for 60 min at 50°C. Bands were visualized by phosphorimage analysis.
Epithelial and endothelial cell damage assays. The ability of the various mutants to damage the HOK-16B-BaP-T1 oral epithelial cell line (42) or human umbilical vein endothelial cells in a 96-well tissue culture plate was determined by using the chromium release assay described previously (43) . Both cell types were loaded with 51 Cr and were infected for 3 h with prototrophic FKH2/FKH2, fkh2⌬/FKH2, or fkh2⌬/fkh2⌬ strains in RPMI 1640 medium. The inoculum for the epithelial cells was 10 5 cells per well, and the inoculum for the endothelial cells was 4 ϫ 10 4 cells per well.
RESULTS
C. albicans has a single FKH homolog. In a search of the C. albicans genomic sequence data generated by the Stanford Technology Group (http://www-sequence.stanford.edu/group /candida/index.html), we identified one ORF, orf6.8625, that was closely related to S. cerevisiae FKH1 and FKH2. Like ScFkh1p and ScFkh2p, CaFkh2p contains a forkhead-associated domain which is thought to participate in the binding of phosphoproteins (reviewed in reference 29). While full-length orf6.8625 is equally similar to both ScFkh1p and ScFkh2p, it is significantly more similar to ScFkh2p within its forkhead DNA-binding domain (72% identical and 82% similar) than it is to that of ScFkh1p (60% identical and 72% similar) (Fig. 1) . Thus, we refer to orf6.8625 as FKH2.
While searching the C. albicans genome for Fkhp homologs, we identified two additional ORFs coding for putative forkhead domain-containing proteins, orf6.7358 and orf6.1892. These two ORFs display higher identity to S. cerevisiae Hcm1p and Fhl1p, respectively, than to either ScFkh protein: orf6.7358 is most similar to Hcm1p (31% identical and 37% similar), while orf6.1892 is most similar to Fhl1p (27% identical and 36% similar). Thus, it appears that the C. albicans genome includes a single ScFKH1-or ScFKH2-like ORF.
CaFKH2 complements a Scfkh1 Scfkh2 strain. To ask if the C. albicans FKH2 gene encodes a protein with functions like those of S. cerevisiae Fkh1p and FKh2p, we expressed CaFKH2 from the ScGAL1 promoter in an S. cerevisiae fkh1⌬fkh2⌬ strain (22) . The GAL1 promoter directs high levels of transcription when cells are grown in galactose, low-to-moderate levels of transcription in raffinose, and only very low levels of transcription when cells are grown in glucose. The S. cerevisiae fkh1⌬fkh2⌬ strain carrying only the GAL1 vector in the presence of either glucose, raffinose, or galactose grew with a pseudohyphal morphology, forming elongated cells that remain attached and that were generally larger than wild-type cells (Fig. 2 and data not shown) . In contrast, in the presence of raffinose P GAL1 -CaFKH2 restored Scfkh1⌬fkh2⌬ cells to the ovoid morphology, cell size, and separation characteristics of wild-type yeast cells (Fig. 2) . Even in the presence of glucose, Scfkh1⌬fkh2⌬ cells carrying P GAL1 -CaFKH2 were rounder, less enlarged, and less attached than cells carrying only vector (Fig. 2) . Because C. albicans reads the CUG codon as serine rather than leucine (49), these results indicate that the substitution of five leucines for serines in CaFKH2 (Fig. 1) did not obviate the ability of the protein to functionally complement the lack of S. cerevisiae Fkh proteins. However, S. cerevisiae cells expressing P GAL1 -CaFKH2 in the presence of galactose arrested as large-budded yeast cells (data not shown). The inability of S. cerevisiae cells to tolerate very high levels of CaFKH2 transcripts may be due to the high levels of CaFKH2 expression from the GAL1 promoter, since extra copies of ScFKH2 expressed from its own promoter are tolerated in both the w303 and ⌺ strain backgrounds (22, 61) . Alternatively, the substitution of leucine for serine at some of the conserved positions may confer negative properties on CaFkh2p when it is overexpressed in S. cerevisiae.
C. albicans strains lacking Fkh2p do not form round yeast cells.
To analyze the phenotypes of C. albicans strains lacking Fkh2p, we generated several independent strains (prototrophic for all nutritional markers) in which both copies of the FKH2 Colonies of fkh2⌬/fkh2⌬ strains were irregularly shaped, wrinkled, dry, and crunchy (in contrast to the round, smooth, moist, soft wild-type colonies) (Fig. 3A) . It was difficult to restreak such colonies in a manner that assured that new colonies arose from a single progenitor cell. The growth rate of the fkh2⌬/ fkh2⌬ strains, determined from colony size and time to generate saturated cultures, was also reduced relative to the growth of wild-type cells. Accurate quantitation of growth rates in liquid cultures was impeded by the fact that fkh2⌬/fkh2⌬ cells tended to flocculate extensively. Individual fkh2⌬/fkh2⌬ cells were elongated, were attached to one another in large clumps, and were, on average, twice as long as wild-type cells grown under similar yeast growth conditions (Fig. 3B ). These elongated cells had constricted septa (as detected with Calcofluor White; Fig. 3C ), which are diagnostic of pseudohyphal rather than true hyphal cells. The morphology of heterozygous fkh2⌬/FKH2 strains was indistinguishable from that of the parental FKH2/FKH2 strain (Fig. 3) . Deleting both copies of the putative C. albicans HCM1 gene did not affect colony or cellular morphology (data not shown). Therefore, consistent with sequence data, C. albicans contains a single Fkh-like protein affecting cellular morphology.
FKH2 was reintroduced into the fkh2⌬/fkh2⌬ strains by insertion of FKH2 under control of the conditional MET3 promoter at the RP10 locus (12). When expression was induced (in the absence of methionine and cysteine), cells grew with a yeast-like morphology (Fig. 4C ) and colonies were smooth and indistinguishable from wild-type colonies (data not shown). Repression of this ectopic copy of P MET3 -FKH2, by the addi- 
FIG. 4. P MET3
-FKH2 restores wild-type cellular morphology to fkh2 mutant cells. YJB6284 (FKH2/FKH2), YJB6292 (fkh2⌬/fkh2⌬), YJB6403 (fkh2⌬/fkh2⌬RP10::P MET3 -FKH2), and YJB4828 (fkh2⌬/P MET3 -FKH2) cells were grown to saturation in SDC-methionine-cysteine-uridine at 30°C. Cells were diluted into either SDC-methionine-cysteine-uridine (ϪMet/Cys) or SDC plus 10 mM methionine plus 2 mM cysteine-uridine (ϩMet/Cys) and were grown overnight at 30°C. DIC images are shown.
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tion of methionine and cysteine, resulted in a pseudohyphal morphology like that of fkh2⌬/fkh2⌬ strains ( Fig. 4G ) and a return of the wrinkled, crunchy colony phenotype (data not shown). In addition, we constructed a strain carrying P MET3 -FKH2 at the FKH2 locus. This strain also grew with a yeast morphology and smooth colony phenotype when expression was induced (Fig. 4D) and exhibited a pseudohyphal morphology and wrinkled colony phenotype when expression was repressed (Fig. 4H) . The presence or absence of methionine and cysteine did not affect the morphology of either wild-type or fkh2⌬/fkh2⌬ strains (Fig. 4A, B , E, and F). The similar phenotypes of cells lacking both copies of FKH2 (Fig. 3 ) and cells not expressing FKH2 (Fig. 4G and H) , as well as restoration of yeast-form growth when FKH2 was reintroduced at two different loci ( Fig. 4C and D) , indicates that the pseudohyphal morphology and wrinkled colony phenotypes were caused by a lack of Fkh2p and not by some other mutation in the strains. Furthermore, these results imply that FKH2 is required for the formation of ovoid yeast cells. Cells lacking Fkh2p appear to have intact septa, as indicated by Calcofluor staining (Fig. 3C ), although they remain attached, forming large clusters of cells that did not readily disperse after mild agitation (vortexing). Electron microscopy of fkh2⌬/fkh2⌬ strains reveals that fkh2⌬/fkh2⌬ cells, like wildtype pseudohyphal cells, remain attached by cell wall material while there is no plasma membrane connection between the mother and daughter cells (Fig. 5) . Thus, fkh2 mutant strains undergo cytokinesis and septation but not cell separation.
C. albicans strains lacking Fkh2p do not form true hyphae. We grew fkh2⌬/fkh2⌬ strains under several different conditions that stimulate hyphal growth. First, we used liquid medium containing serum or GlcNAc, strong inducers of true hyphal growth. In the presence of either inducer, wild-type cells and fkh2⌬/FKH2 heterozygotes formed true hyphae, while fkh2⌬/fkh2⌬ strains formed elongated cells with a pseudohyphal morphology. The fkh2⌬/fkh2⌬ cells were wider than hyphal cells and included distinct septal constrictions (Fig. 6, arrows) . On solid media, such as Spider and milkTween agar, wild-type and fkh2⌬/FKH2 heterozygotes formed highly filamentous colonies, while the colonies formed by fkh2⌬/fkh2⌬ strains were much less filamentous (Fig. 6 ). These media are thought to induce hyphal growth in response to low levels of nitrogen or other critical nutrients (15) . When cells were embedded in agar media, a condition that induces hyphae in response to contact with matrix (9), fkh2⌬/fkh2⌬ cells displayed significantly fewer filaments emanating from the embedded colony than did wild-type cells (Fig. 6) . Furthermore, wild-type cells were able to form true hyphae under embedded conditions while fkh2⌬/fkh2⌬ cells grew as chains of budding cells (data not shown). Thus, C. albicans FKH2 is required for the formation of true hyphal cells under many different hyphal induction conditions. Interestingly, when strong inducers of hyphal growth such as serum or GlcNAc were used, fkh2⌬/fkh2⌬ pseudohyphal cells were more elongated than when they were grown on yeast media. The average cell length was 15.75 Ϯ 8.27 m (n ϭ 58) and 19.11 Ϯ 12.59 m (n ϭ 50) on rich medium with serum or GlcNAc, respectively, compared to 11.35 Ϯ 1.66 m (n ϭ 61) on rich medium alone. The high standard deviations for cell length in serum or GlcNAc-treated cells reflects the observation that ϳ50% of the cells were similar in size to cells grown on rich medium alone, while the other ϳ50% of the cells were up to four times longer than the rich-medium-grown cells. This indicates that about half of the fkh2⌬/fkh2⌬ cells responded to signals from serum or GlcNAc that mediate polarized growth, while they did not respond to the signals that mediate cell cycle changes, such as altered septum placement, nuclear migration, and cell width properties of true hyphal cells.
In contrast, when weaker hyphal induction conditions were used no increased polarized growth of fkh2 strains was observed. In liquid M199 medium, which induces true hyphae in response to pH and temperature (pH 8.0 at 37°C), fkh2⌬/fkh2⌬ cells grew as pseudohyphae with dimensions (average cell length, 11.52 nies of fkh2⌬/fkh2⌬ strains grown on milk-Tween agar or Spider medium or under embedded conditions did not show increased cell length (data not shown). Thus, unlike the strong hyphal inducers, weaker inducers do not stimulate an FKH2-independent polarized growth response. Pseudohyphal growth of fkh2⌬/fkh2⌬ cells does not require Efg1p or Cph1p. To determine the relationship between Fkh2p and the Efg1p and Cph1p transcription factors, we constructed mutants lacking FKH2 as well as EFG1 and/or CPH1 and grew them under conditions that promote yeast form growth. The fkh2⌬/fkh2⌬cph1⌬/cph1⌬, fkh2⌬/fkh2⌬efg1⌬/efg1⌬, and fkh2⌬/ fkh2⌬cph1⌬/cph1⌬efg1⌬/efg1⌬ mutant strains formed pseudohyphal cells that resembled fkh2⌬/fkh2⌬ single mutants: they were generally elongated and remained attached to one another in a branching pattern (Fig. 7) . These results indicate that the role of Fkh2p in morphogenesis is not dependent upon either Efg1p or Cph1p. Rather, Fkh2p acts downstream of and/or parallel to these transcription factors which regulate morphogenesis in response to specific environmental stimuli.
Fkh2p-GFP localizes to the nucleus throughout the cell cycle. If Fkh2p is a transcription factor, it is expected to localize to the nucleus for at least some portion of the cell cycle. We analyzed the localization of C. albicans Fkh2p by generating a Fkh2p-GFP fusion protein at the FKH2 locus in C. albicans strain BWP17. This fusion protein is fully functional as determined by the smooth colony and round yeast cell morphology of a FKH2-GFP/fkh2⌬ strain. Fkh2p-GFP was detected as a single major fluorescent spot in each cell that was stretched across the mother-bud neck in cells undergoing mitosis (Fig.  8) . The Fkh2p-GFP fluorescence colocalized with the major region of DAPI-stained DNA (Fig. 8). (DAPI stains mitochondrial DNA as well as nuclear DNA. Fkh2p-GFP did not colocalize with the mitochondrial DNA.) Thus, Fkh2p, like S. cerevisiae Fkh1p and Fkh2p and S. pombe Sep1p (44, 62) , is a nuclear protein.
Fkh2p is required for the expression of several hyphaespecific and yeast-specific genes. In S. cerevisiae, the Fkh1 and Fkh2 proteins are required for the periodic transcription of the CLB2 cluster of cell-cycle-regulated genes. To begin to study the role of C. albicans Fkh2p in transcriptional regulation, we constructed a DNA array composed of 319 PCR products amplified from C. albicans genomic DNA with gene-specific primers (see Materials and Methods for details). Among the genes on this miniarray were genes reported to affect filamentous growth as well as genes that were the apparent homologs FIG. 7 . Epistasis analysis of fkh2. CAF2 (FKH2/FKH2 CPH1/CPH1 EFG1/EFG1), JKC19 (cph1⌬/cph1⌬), HLC52 (efg1⌬/efg1⌬), HLC54 (cph1⌬/cph1⌬efg1⌬/efg1⌬), YJB6292 (fkh2⌬/fkh2⌬), YJB6441 (fkh2⌬/fkh2⌬cph1⌬/cph1⌬), YJB6413 (fkh2⌬/fkh2⌬efg1⌬/efg1⌬), and YJB5802 (fkh2⌬/fkh2⌬efg1⌬/efg1⌬cph1⌬/cph1) cells were grown to mid-logarithmic phase at 30°C in YPAD. DIC micrographs are shown.
FIG. 8. Fkh2p
-GFP localizes to the nucleus. A strain expressing GFP-tagged Fkh2p (YJB5535) was grown overnight in SDC containing 1 g of DAPI/ml. Cells were diluted into SDC containing 1 g of DAPI/ml and were grown at 30°C to mid-logarithmic phase. DIC and fluorescent micrographs were taken of unfixed cells. DAPI images were false-colored red, and Fkh2p-GFP images were false-colored green for merging.
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BENSEN ET AL. EUKARYOT. CELL of S. cerevisiae genes whose transcription patterns were altered in Scfkh1 and Scfkh2 mutants. (A complete list of genes used on the miniarray is provided in Table 2A of the online supplementary material at http://www.cbs.umn.edu/labs/berman/eu .cell.sup.htm). RNA was isolated from asynchronous wild-type and fkh2⌬/fkh2⌬ cultures under yeast (YPAD, 30°C) or hyphal (YPAD plus 10% serum, 37°C) growth conditions, reverse transcribed, labeled with Cy3 or Cy5 fluors, and hybridized in pair-wise combinations to the miniarrays. Representative results for mRNAs that exhibited consistent changes in their expression levels in all of the experiments performed are shown in Fig. 9 . In wild-type cells, RNAs whose expression levels increased dramatically upon hyphal induction (Fig. 9A, column 1) encode proteins, such as Hwp1p, Hyr1p, Wap1p, Ece1p, and Rbt5p, which are all predicted to be GPI-modified cell wall proteins. Northern analysis of several of these mRNAs confirmed the array results (Fig. 9D) . These results are consistent with previous reports from others that use microarrays or conventional Northern blots (5, 28, 38, 39) .
Interestingly, under serum induction conditions these hyphae-specific genes were expressed at much lower levels in fkh2 mutants than in the wild-type parent (Fig. 9A, column 2) . This indicates that serum treatment of fkh2 mutants did not result in the dramatic induction of genes that, in wild-type cells, are associated with hyphal growth and cell elongation.
Under yeast growth conditions, several C. albicans RNAs encoding apparent homologs of S. cerevisiae mRNAs that exhibit altered transcription levels in S. cerevisiae fkh1 and fkh2 mutants were also affected in CaFKH2 mutants (Fig. 9B and C,  column 3 ). Those whose transcript levels increased in fkh2 mutants include homologs of S. cerevisiae YDR533 (orf6.1991) and PRX1/YBL064 (orf6.6956), which have roles in stress response, and CYB4 (orf6.8086), which encodes a B-cyclin. Those whose transcript levels decreased in fkh2 mutants relative to wild-type strains include homologs of S. cerevisiae SCW11/YGL028 (orf6.2346), CTS1 (CHT2/orf6.2344), and BDF1 (orf6.8227), which are predicted to encode a cell wall protein, a chitinase, and a transcription factor, respectively.
The increased level of CYB4 mRNA in the fkh2 mutant strains was confirmed on Northern blots (Fig. 9D) and suggests that Fkh2p, directly or indirectly, is a negative regulator of CYB4 transcription in these asynchronous cultures. Other genes expressed at higher levels in fkh2 strains than in wildtype control cultures were CDC34 (orf6.7631), PHR1 (orf6.7524), TUB1, TUB2, and one or more of the ALS1 to -5 genes (the ALS1 probe used on this array is expected to crossreact with ALS family members 1 through 5; Lois Hoyer, personal communication).
Several genes were expressed at lower levels in fkh2 mutant cells. Among these were CBF1/CP1 (orf6.4385), an apparent homolog of the S. cerevisiae CBF1 centromere-binding protein, and genes encoding histones H2A (orf6.7310), H3 (orf6.8840), and H4 (orf6.4930). Reduced levels of these genes may reflect the slower growth of fkh2 mutant cells. Similarly, increased levels of PHR1, a gene repressed under acidic conditions (50) , may reflect the slower growth and reduced acidification of the medium by fkh2 mutant strains.
Fkh2p is required for damage to human tissue culture cells. Northern analysis is consistent with microarray data. Northern analysis of RNA from YJB6284 and YJB6292 grown in the absence (Ϫ) or presence (ϩ) of serum, as described above, is depicted. CYB4, ECE1, and HWP1 probes were prepared as described in Materials and Methods. rRNA was used as a loading control.
Because cells lacking Fkh2p grow slower than wild-type cells, we analyzed the ability of fkh2 strains to damage cells in a tissue culture assay for cell damage that is not dependent upon cell growth. The results are shown in Fig. 10 . Both the parental and the heterozygous strains caused significant damage to oral epithelial and vascular endothelial cells. In contrast, the fkh2⌬/ fkh2⌬ strain caused virtually no damage to these human host cells (Fig. 10) . Thus, Fkh2p is required for C. albicans cells to damage human epithelial and endothelial cells in vitro.
DISCUSSION
We have identified a single C. albicans Fkh-like protein that participates in cellular morphogenesis. Depleting cells of Fkh2p resulted in constitutive pseudohyphal growth, suggesting that it functions in the formation of both true hyphal as well as yeast cells. The pseudohyphal growth of fkh2 mutants did not require either Efg1p or Cph1p, suggesting that Fkh2p acts in a pathway that is downstream and/or parallel to these transcription factors. Consistent with its proposed action as a transcription factor, Fkh2p localized to the nucleus. Furthermore, the transcription of a subset of genes, including CYB4 (which encodes a B-type cyclin), genes required for efficient cell separation, and hyphae-specific genes, was altered in fkh2 mutants. Among the Fkh2p-regulated genes were homologs of genes regulated in a cell-cycle-specific manner in S. cerevisiae. These results indicate that Fkh2p is important for C. albicans morphogenesis, potentially through its role as a transcription factor regulating genes in a cell-cycle-specific manner.
Fkh2p contributes to the ability of C. albicans cells to damage human epithelial and endothelial cells in vitro. Since cells lacking Fkh2p grow slowly in vitro, in vivo virulence experiments using fkh2⌬/fkh2⌬ strains are unlikely to produce meaningful results. We therefore performed in vitro cell damage assays that are not dependent upon growth rates. The reduction in cell damage by fkh2 mutant cells is likely due to multiple effects of Fkh2p. The fkh2⌬/fkh2⌬ strain grew as pseudohyphae on the epithelial and endothelial cells, whereas the FKH2/FKH2 and fkh2⌬12/FKH2 strains formed true hyphae. A tup1 mutant, which also grows only as pseudohyphae, is similarly defective in its ability to damage endothelial cells (43) . Thus, pseudohyphae appear to have a significantly reduced capacity to damage host cells. It is also possible that the cell cycle defects of fkh2 mutant strains contribute to their inability to cause host cell damage.
The absence of CaFkh2p resulted in constitutive pseudohyphal growth and changes in the transcription of a group of genes involved in cell cycle progression. Specifically, CaFkh2p appears to be a transcriptional regulator of Cyb4p, a B-cyclin most similar to S. cerevisiae Clb3p and Clb4p. Interestingly, strains lacking Cyb4p, like strains lacking Fkh2p, exhibit a constitutive pseudohyphal morphology (E. S. Bensen and J. Berman, unpublished data). The increase in CYB4 mRNA observed in asynchronous cultures of fkh2⌬/fkh2⌬ cells suggests that Fkh2p is a negative regulator of CYB4 transcription. Future studies comparing genome-wide transcription profiles following cell cycle progression in synchronous wild-type and fkh2⌬/fkh2⌬ cells will be needed to address the mechanisms by which Fkh2p regulates CYB4 transcript levels. Expression levels of CYB1 (orf6.7127), which encodes a B-type cyclin most similar to S. cerevisiae Clb1p and Clb2p, were not consistently detected by either microarray or Northern analysis.
In addition to CYB4 mRNA, a gene closely related to ScCDC34 which encodes the ubiquitin conjugating component of the SCF complex is negatively regulated by Fkh2p under both yeast and hyphal conditions. The SCF complex is required for the degradation of many proteins at specific cell cycle stages. ScCDC34 transcript levels are not regulated in a cellcycle-dependent manner, nor are they regulated by ScFkh1 and ScFkh2p in synchronous or asynchronous cells. Perhaps C. albicans, unlike S. cerevisiae, regulates SCF function at the transcriptional level. Consistent with this idea, Murad and coworkers found that CaCDC34 mRNA levels increased 2.17-, 3.62-, and 3.32-fold in mig1, nrg1, and tup1 mutant strains, respectively, relative to the isogenic wild-type parental strains (38, 39) .
Electron microscopy studies indicate that fkh2⌬/fkh2⌬ cells fail to efficiently separate after cytokinesis, retaining cell wall material between the mother-daughter cells. Consistent with this observation, we found that CaFkh2p positively regulates several genes important for cell separation, such as CaCht2p, an endochitinase important for cell separation in C. albicans yeast form cells (26) that is expressed at higher levels in yeast than in hyphal cells (34) . CaScw11p/YGL028p is most similar to ScScw11p, a protein with similarity to glucanases that is important for cell separation in S. cerevisiae (11) . ScCts1p and ScScw11p, the S. cerevisiae proteins most closely related to Cht2p and Scw11p, are members of the SIC1 cluster, which is indirectly regulated by ScFkh1 and ScFkh2p (54) . Thus, it is likely that the cell separation defect seen in fkh2⌬/fkh2⌬ cells is due to reduced expression of CHT2 and SCW11. Furthermore, our results confirm the previous report that CHT2 transcript levels are elevated in yeast cells relative to hyphal cells (34) and extend this observation to SCW11 as well.
Importantly, CaFkh2p is required for the formation of true hyphae and for high levels of hyphae-specific gene expression. Unlike many of the characterized genes that affect hyphal morphogenesis under a subset of induction conditions, FKH2 is required for true hyphal morphogenesis under all conditions tested, including strong inducers (serum and GlcNAc), high pH at 37°C (M199), starvation media (milk-Tween, Spider), or embedding conditions. These results support the hypothesis that Fkh2p is required to execute cell cycle events such as delayed septin ring formation and decreased cell width, events that distinguish true hyphal cells from pseudohyphal and yeast cells (56) . Interestingly, fkh2 mutants highlight differences between different hyphal induction stimuli. In response to strong hyphal inducers such as serum and GlcNAc, fkh2 mutant cells were more elongated than when they were grown under yeast growth conditions (Fig. 3 and 6 ), yet they exhibited the cell cycle characteristics of pseudohyphae. In contrast, in response to weaker inducers, such as high pH at 37°C, starvation, or embedded conditions, the length of fkh2 mutant cells did not increase relative to fkh2 mutant cells grown in conditions of low pH at 30°C. Thus, strong inducers activate an Fkh2p-independent polarized growth activity that is not seen when weaker inducers are used, and the Fkh2p-independent polarized growth response is separable from hyphae-specific, Fkh2p-dependent cell cycle events, such as altered septin positioning. This is consistent with the observation that hyphal evagination in response to serum occurs prior to other measurable cell cycle events (21) . Furthermore, it demonstrates that serum induces a complex set of responses, including cellcycle-independent events, Fkh2p-independent polarized growth, cell-cycle-dependent events, and Fkh2p-dependent events.
Fkh2p is required for high-level expression of hyphae-specific genes (e.g., HWP1) that previous works placed downstream of transcription factors such as Efg1p, Cph1p, Tup1p, and Cph2p (3, 15, 28, 30, 38, 39) . Furthermore, our epistasis analysis suggests that Fkh2p is either downstream of and/or in a parallel pathway for morphogenesis with both Efg1p and Cph1p. Our results are consistent with those of a model in which Fkh2p is downstream of the Efg1p and Cph1p transcription factors and is upstream of several of the genes regulated by them. Since combinatorial control of many of these genes appears likely, we cannot yet determine if Fkh2p regulates these genes by binding to their promoters directly or if indirect mechanisms are involved.
An alternative model is that Fkh2p is a negative regulator of pseudohyphal growth and that this negative regulation is required for the formation of both yeast and true hyphal cells. While pseudohyphae were thought to be a cell type that is an intermediate between yeast and true hyphae (35) , more recent studies indicate that true hyphae have cell cycle dynamics that distinguish them from pseudohyphal and yeast cells (56) . Nonetheless, pseudohyphal growth may be a default pathway that must be repressed in order for yeast or true hyphal growth to proceed. This is consistent with the observation that strains lacking other transcriptional repressors (e.g., Tup1p, Nrg1p, and Rbf1p), like strains lacking Fkh2p, exhibit primarily pseudohyphal rather than true hyphal morphology when grown on yeast medium (4, 6, 23, 39) . It will be interesting to determine the overlapping set of genes regulated by all four of these transcription factors. Furthermore, it will be important to determine if it is the altered expression of cell-cycle-regulated genes that causes the pseudohyphal morphology of cells lacking these factors.
In summary, C. albicans, like other fungi, uses a forkhead transcription factor to regulate morphogenesis. CaFkh2p appears to regulate the expression of at least one of the two C. albicans B-cyclins. Future studies will aim to determine the role of CaFkh2p in regulating the B-cyclins and other coregulated genes as yeast, pseudohyphal, and true hyphal cells progress through the cell cycle.
